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generate an output image signal representing the output
image by adding the third signal to the input image signal.

6 Claims, 10 Drawing Sheets

1 20 %0
i 1' )
€
i Non-tingar 51 e 52 o
Sin processing unit HFE Liniter
83

Adder e 4D

Sout



US 9,471,962 B2

Page 2
(51) Int. CL WO 2011/061958 Al 5/2011
GO6T 5/20 (2006.01) WO 2011/099202 Al 8/2011
WO 2011/105377 Al 9/2011
gzj% -;Zztz(; 5388288 WO 2012/043407 Al 4/2012
(56) References Cited OTHER PUBLICATIONS

U.S. PATENT DOCUMENTS

2012/0070098 Al
2012/0213289 Al
2012/0314968 Al
2012/0314969 Al
2013/0176495 Al

3/2012
8/2012
12/2012
12/2012
7/2013

Gohshi
Gohshi
Gohshi
Furukawa et al.
Gohshi

FOREIGN PATENT DOCUMENTS

WO 2010/113342 Al
WO 2010/140281 Al

10/2010
12/2010

Translation of Jan. 17, 2013 Office Action issued in Japanese Patent
Application No. 2012-177476.

Translation of May 21, 2013 Office Action issued in Japanese Patent
Application No. 2012-177476.

Farisu Sina, et al., “Fast and Robust Multiframe Super Resolution,”
IEEE Transactions on Image Processing, pp. 1327-1344, vol. 13,
No. 10, Oct. 2004.

Mar. 2, 2016 Search Report issued in European Patent Application
No. 13827925.2.

* cited by examiner



US 9,471,962 B2

Sheet 1 of 10

Oct. 18, 2016

U.S. Patent

08

0~

ABpPY

E

€8

FEARE

{
0¢

¢S

AdH

0¢

I8

3iun Buisseuoad
89U | -UON

m

ol

uig



U.S. Patent Oct. 18, 2016 Sheet 2 of 10 US 9,471,962 B2

{R)
Sin

P
St

(€
52

{0
Sout

FI1G. 2

3
%
=
s
&
fond
Y
A h)
0 Pasition {n horizontal dirsction)
3
B
>
=2
=
©<
o
(95 ]
0 Position {in horizontal direction
g
ot
iwlelet. Q . - P . 13 ks &
9 Position {in horirontal dirvection)
fotad
=
o
o
&
P
sl
e
I3
it

Position {in horizontal directinn



U.S. Patent Oct. 18, 2016 Sheet 3 of 10 US 9,471,962 B2

FIG. 3

20

St

S W S W S S deh ! W St W dh Wt e S WA s St s St e S W et ek



US 9,471,962 B2

Sheet 4 of 10

Oct. 18, 2016

U.S. Patent




US 9,471,962 B2

Sheet 5 of 10

Oct. 18, 2016

U.S. Patent

FIG 6

Y
¢

A
Before gamma process

{

g

»

S At

ing

After gamma process




U.S. Patent

Oct. 18, 2016 Sheet 6 of 10

FiG. 7

{AiOriginal image

(B} Proposed method
ANY

US 9,471,962 B2



U.S. Patent

Oct. 18, 2016 Sheet 7 of 10

FiG. 8

(A

Spectrum of original imags

B

US 9,471,962 B2



U.S. Patent

Oct. 18, 2016 Sheet 8 of 10

FIG. 9

{A)Conventional method

{B) Proposed method

US 9,471,962 B2



U.S. Patent Oct. 18, 2016 Sheet 9 of 10 US 9,471,962 B2

FIG 10

(A)

foyel

Signal

0 Position (in horizontal dirsction

0 /\
\/ Position {in horizantal direction)

Stgnal level

(€

Pasition {in horizontal direction



U.S. Patent Oct. 18, 2016 Sheet 10 of 10 US 9,471,962 B2

FIG. 17

£}

: = Fraguency

Fu8,/2 £y 3572 2¥s
— . : - Frequenty

foubhg/? 3Fs/3 2fs
o ok o Fregusnoy

f5/2 FaoFbe/2 3Fs/2 21z

™ %

4 i Freguency

fa/2 fosFbs/2 3fs/2 2fs



US 9,471,962 B2

1
IMAGE ENHANCEMENT APPARATUS AND
IMAGE ENHANCEMENT METHOD

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Japanese Patent Application No. 2012-177476 (filed on Aug.
9, 2012), the entire contents of which are incorporated
herein by reference.

TECHNICAL FIELD

The present invention relates to an image enhancement
apparatus and an image enhancement method for improving
image quality by sharpening an image and, in particular, to
an image enhancement apparatus and an image enhancement
method that are suitable for sharpening, for example, a video
displayed in real time on a television (TV) receiver.

BACKGROUND ART

Image enhancement processing for improving the image
quality by sharpening an image has been widely known
conventionally. For example, a conventional television
receiver carries out outline compensation for sharp-rising
and sharp-falling of a video signal corresponding to an
outline portion of an image to be displayed. This contour
compensation extracts a high frequency component of an
input image signal (a luminance signal), amplifies the high
frequency component, and then adds the amplified high
frequency component to the input image signal, thereby
improving visual quality. FIGS. 10(A)-10(C) are diagrams
illustrating changes in a waveform of the signal level of the
image caused by the conventional image enhancement pro-
cessing. FIG. 10(A) is a diagram illustrating a horizontal
direction waveform of a signal level of the input image
signal particularly illustrating a waveform of a portion
corresponding to an edge where the signal level changes in
the horizontal direction. FIG. 10(B) illustrates the high
frequency component extracted from the input image signal.
By amplifying the high frequency component and adding the
amplified high frequency component to the input image
signal, an output image signal having a sharp rising edge as
illustrated in FIG. 10(C) may be obtained.

In recent years, also, there has also been suggested a
technique called super-resolution that particularly up-con-
verts the input image into an output image of higher reso-
Iution and carries out the image enhancement processing on
an image obtained by the up-conversion (for example, see
Non-Patent Document 1).

RELATED ART DOCUMENT
Non-Patent Document

Non-Patent Document 1: S. Farsiu, D. Robinson, M. Elad,
and P. Milanfar, “Fast and Robust Multi-frame Super-
resolution”, IEEE Transactions on Image Processing, vol.

13, no. 10, pp. 1327-1344, October 2004.

SUMMARY OF INVENTION

Technical Problem

The conventional image enhancement processing is based
on linear digital signal processing and thus is unable to
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2

generate a frequency component higher than Nyquist fre-
quency, i.e., a frequency component higher than %2 of a
sampling frequency of a target image. Therefore, for an
improvement in the image quality, the conventional image
enhancement processing cannot generate and utilize the
frequency component exceeding the Nyquist frequency in
order to sharpen the image.

For example, when a full high-definition television
(HDTV: High Definition Television, 1080x1920 pixels)
receiver enlarges and displays an image signal with resolu-
tion under the resolution for the HDTV, the image is
displayed blurry. Similarly, when the image signal with
resolution for the HDTV is enlarged to an image with higher
definition (for example, 4K resolution of approximately
4000x2000 pixels), the image is displayed blurry. A reason
for the image to be displayed blurry is because the image
signal subjected to the enlargement processing includes
frequency components up to the Nyquist frequency of an
original image before subjected to the enlargement process-
ing and does not include frequency components near the
Nyquist frequency of the image subjected to the enlargement
processing.

Hereinafter, changes in the frequency component accord-
ing to the image enlargement processing and the image
enhancement processing will be described with reference to
FIGS. 11(A)-11(D). FIG. 11(A) illustrates a frequency spec-
trum of a digital image signal with a sampling frequency fs,
and FIG. 11(B) illustrates a frequency spectrum when the
digital image signal is up-converted and the number of
pixels is doubled in the horizontal direction. A sampling
frequency Fbs subjected to the enlargement processing is
twice the frequency of the original sampling frequency fs
(Fbs=2fs). Here, as illustrated in FIG. 11(B), in the digital
image signal after the up-conversion, there is no frequency
components between the Nyquist frequency fs/2 corre-
sponding to the original sampling frequency fs and a new
Nyquist frequency Fbs/2=fs corresponding to the new sam-
pling frequency Fbs.

FIG. 11(C) illustrates a frequency spectrum when the
digital image signal subjected to the up-conversion is sub-
jected to the image enhancement processing by the conven-
tional linear digital signal processing. As illustrated in the
figure, the image enhancement processing employing the
linear digital signal processing increases the number of
frequency components near the original Nyquist frequency
fs/2. However, the image enhancement processing employ-
ing the conventional linear digital signal processing does not
generate frequency components exceeding the original
Nyquist frequency fs/2. Therefore, the image enhancement
processing employing the conventional linear digital signal
processing, as illustrated in FIG. 11(D), for example, does
not generate frequency components that exceed the original
Nyquist frequency fs/2 and are near the new Nyquist fre-
quency Fbs/2. That is, to the digital image signal subjected
to the up-conversion, for the improvement in the image
quality, image sharpening by generating and utilizing fre-
quency components exceeding the Nyquist frequency could
not be substantialized.

Further, conventional super-resolution techniques such as
one described in Non-Patent Document 1 employs the image
enhancement processing for carrying out repeating arithme-
tic processing on a plurality of frames with the same
sampling frequency and selecting and synthesizing high
resolution pixels from each frame. Therefore, there have
been problems that some images may not be properly
restored, possibly causing flicker in a video in which a
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collapsed image is suddenly appeared and also that an
amount of the arithmetic processing in using a plurality of
frames is very large.

Accordingly, the present invention aims to provide an
image enhancement apparatus and an image enhancement
method that are capable of, without repeating arithmetic
processing on a plurality of frames, sharpening an image by
using the frequency components exceeding the Nyquist
frequency.

Solution to Problem

In order to solve the above problems, an image enhance-
ment apparatus according to the present invention for gen-
erating an output image obtained by sharpening an input
image, the image enhancement apparatus includes: a non-
linear processing unit configured to generate a first signal by
carrying out non-linear processing on an input image signal
representing the input image, the first signal being expressed
as a continuous non-linear function with respect to the input
image signal, and configured to generate frequency compo-
nents that are not included in the input image signal; a filter
unit configured to generate a second signal by removing at
least a DC component of the frequency components
included in the first signal; a limiter configured to generate
a third signal by adjusting the second signal; and an adder
configured to generate an output image signal representing
the output image by adding the third signal to the input
image signal.

Preferably, the non-linear processing unit generates a
power of the input image signal as the first signal.

Preferably, the non-linear processing unit generates a
power root of the input image signal as the first signal.

Although the apparatus is employed as the solution of the
present invention as described above, a method, a program,
and a storage medium storing the program that substantially
correspond to the above apparatus and are executed by a
processor of the apparatus may also substantialize the pres-
ent invention and thus are included in the scope of the
present invention.

For example, an image enhancement method substantial-
izing the present invention as a method is an image enhance-
ment method employed by an image enhancement apparatus
for generating an output image obtained by sharpening an
input image, the image enhancement method includes: a
non-linear processing step of generating a first signal by
carrying out non-linear processing on an input image signal
representing the input image, the first signal being expressed
as a continuous non-linear function with respect to the input
image signal, and generating frequency components that are
not included in the input image signal; a step of generating
a second signal by removing at least a DC component of the
frequency components included in the first signal; a step of
generating a third signal by adjusting the second signal; and
a step of generating an output image signal representing the
output image by adding the third signal to the input image
signal.

Preferably, the non-linear processing step generates a
power of the input image signal as the first signal.

Preferably, the non-linear processing step generates a
power root of the input image signal as the first signal.

Effect of the Invention

According to the image enhancement apparatus and the
image enhancement method of the present invention, with-
out repeating arithmetic processing on a plurality of frames,
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4

an image may be sharpened by using frequency components
exceeding Nyquist frequency.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram illustrating a configuration of an
image enhancement apparatus according to one embodiment
of the present invention;

FIGS. 2(A) to 2(D) are diagrams illustrating horizontal
direction waveforms of a signal level of an image;

FIG. 3 is a diagram illustrating an example of a configu-
ration a high-pass filter;

FIG. 4 is a diagram illustrating an example of the high-
pass filter constituted by using a low-pass filter;

FIG. 5 is an original image used for evaluation of non-
linear processing employing gamma processing;

FIGS. 6(A) and 6(B) illustrate frequency spectra before
and after the gamma processing;

FIGS. 7(A) and 7(B) are diagrams illustrating an image
subjected to image enhancement processing according to the
present invention;

FIGS. 8(A) and 8(B) illustrate a frequency spectrum of
the image subjected to the image enhancement processing
according to the present invention;

FIGS. 9(A) and 9(B) are diagrams illustrating a compari-
son between the image subjected to the image enhancement
processing according to the present invention and the image
subjected to conventional image enhancement processing;

FIGS. 10(A) to 10(C) are diagrams illustrating changes in
the horizontal direction waveform of the signal level of the
image subjected to conventional image enhancement pro-
cessing; and

FIGS. 11(A) to 11(D) are diagrams illustrating changes in
frequency components caused by image enlargement pro-
cessing and the image enhancement processing.

DESCRIPTION OF EMBODIMENT

Hereinafter, an embodiment of the present invention will
be described in detail with reference to the accompanying
drawings.

FIG. 1 is a block diagram illustrating a configuration of an
image enhancement apparatus 1 according to one embodi-
ment of the present invention. The image enhancement
apparatus 1 carries out, on an input image signal S,, exter-
nally input as a digital signal representing an image, pro-
cessing for sharpening the image represented by the input
image signal S, (hereinafter, referred to as “image enhance-
ment processing” or simply as “enhancement processing”).
The image enhancement apparatus 1 includes a non-linear
processing unit 10, a high-pass filter (HPF) 20, a limiter 30,
and an adder 40.

The image represented by the input image signal S,, may
be either a still image or a video. When the input image
signal S, represents the video, the video may be displayed
in real time by, for example, a standard definition television
(SDTV: Standard Definition Television) receiver or a high-
definition television (HDTV: High Definition Television)
receiver.

Now, by using a horizontal direction waveform of a signal
level (a luminance value) of the image as illustrated in FIG.
2(A) by way of example, operations carried out by each unit
and an output waveform will be described. Note that,
although each unit will be described below in association
with the horizontal direction waveform of the image, each
unit may carry out, also for a vertical direction waveform of
the signal level of the image and a time direction waveform
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of the signal level between images of the video, the image
enhancement processing employing processing similar to
that for the horizontal direction waveform.

FIG. 2(A) is a diagram illustrating the horizontal direction
waveform of the signal level of the input image signal S,
particularly illustrating a portion corresponding to an edge
where the signal level changes in the horizontal direction.
Note that resolution of the input image signal S,, corre-
sponds to that of an output image signal S_,,, and, when the
resolution of the output image is higher than that of an
original input image, the input image signal S,, is obtained
by up-conversion of the resolution of the original input
image into the resolution of the output image signal S_,,,. For
example, when the image enhancement apparatus 1 outputs
an image for the SDTV as an image for the HDTYV, the input
image signal S1 is obtained by carrying out existing linear
conversion for converting the original image for the SDTV
into the image with the resolution of the HDTV

The non-linear processing unit 10 generates a first signal
S1 by carrying out the non-linear processing on the input
image signal S, . The non-linear processing carried out by
the non-linear processing unit 10 is used for the purpose of
sharpening an outline of the image and, in particular, to
generate the first signal S1 as illustrated in FIG. 2(B) from
the input image signal S,, as illustrated in FIG. 2(A) such
that the signal level has sharp rising.

The processing to generate the first signal S1 from the
input image signal S, carried out by the non-linear process-
ing unit 10 may be generalized by Formula (1) shown below.
The non-linear processing carried out by the non-linear
processing unit 10 includes all exponential multipliers of a
general rational number represented by p/q.

[Formula 1]

4 (69)
S1=54

For example, the non-linear processing unit 10 generates
the first signal S1 from the power of the input image signal
S,,,- When the non-linear processing unit 10 generates the
first signal S1 from n-power of the input image signal S,,,
S1=8,” is satisfied. In particular, since the input image
signal S1, is a digital signal (a discrete signal), when the
input image signal S,, is formed by a data sequence X1, X2,

X3, ..., the first signal S1 is a digital signal formed by a
data sequence X1”, X2, X3” . ... Note that n is any real
number.

For example, when the input image signal S, is an 8-bit
digital signal, the signal level of each pixel takes a value of
0 to 255. At this time, when the non-linear processing unit
10 squares the input image signal S,,, an edge portion
sharply rises as illustrated in FIG. 2(B) as an example, thus
the outline of the image is enhanced.

Or, the non-linear processing unit 10 generates the first
signal S1 from, for example, a power root of the input image
signal S,,,. When the non-linear processing unit 10 generates
the first signal S1 from n-th root of the input image signal
S,.» S1=8, ' is satisfied. In particular, since the input image
signal S,, is the digital signal (the discrete signal), when the
input image signal S,,, is formed by the data sequence X1,
X2,X3, ..., the first signal S1 is a digital signal formed by
a data sequence X1, X2 X3'" . . Note that n is any
real number.

The non-linear processing for generating the first signal
S1 by taking the power root of the input image signal S,,, is
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6

suitable for contour extraction based on human perception
characteristics. For example, Weber-Fechner law is known
as a law based on human perception. Applying this law to
image recognition, it may be considered that an outline in a
region with low brightness may be perceived more easily
than an outline in a high brightness region. Therefore, the
non-linear processing unit 10 carries out the non-linear
processing by employing, for example, a gamma correction
function (for example, S1=S,,"?) so as to enhance a pixel
with low brightness more as opposed to a pixel with high
brightness.

In this case, the non-linear processing unit 10 uses For-
mula (2) to calculate the X', which is a normalized value of
a pixel value X of an m-bit digital signal. The value of the
X' subjected to the normalization by using Formula (2) is
between 0 and 1.

[Formula 2]
,_ X 2
X=o

Here, the non-linear processing unit 10 applies a gamma
correction function shown by Formula (3) to X' subjected to
the normalization and calculates a value Y subjected to the
non-linear processing.

[Formula 3]

1
Yo xh ©)

With Formula (3), when the value of the X' is small, the
value of Y after the non-linear processing is raised higher
than the X'. That is, a pixel with low brightness is raised
higher than a pixel with high brightness. Accordingly, edge
sharpening illustrated in FIG. 2(B), for example, particularly
increases an edge enhancement component of the region
with low brightness, thereby further enhancing the outline of
the image particularly in the region with low brightness.

The HPF 20 generates a second signal S2, which is a
high-frequency signal, by removing at least a DC compo-
nent of the frequency components included in the first signal
S1. In particular, the HPF 20, in processing for the removal
of the high frequency component including an outline com-
ponent of the image obtained by the non-linear processing
on the input image signal S, , extracts the second signal S2
illustrated in FIG. 2(C) from the first signal S1 illustrated in
FIG. 2(B). Here, comparing between the second signal S2
illustrated in FIG. 2(C) and a signal of a high frequency
component obtained by conventional non-linear digital pro-
cessing illustrated in FIG. 10(B), the second signal S2 has
sharper waveform than the conventional high frequency
component. As described later, the second signal S2 is
added, as a compensation signal for image sharpening, to the
input image signal S,, via the limiter 30. That is, the second
signal S2 having a sharper waveform than the conventional
high frequency component allows for the image enhance-
ment processing of higher definition as compared with
conventional processing. Also, along with the sharpening of
the outline, the occurrence of ringing, which has been an
issue of the conventional linear digital processing, may be
reduced.

FIG. 3 is a diagram illustrating an example of a configu-
ration of the HPF 20. As illustrated in FIG. 3, the HPF 20
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may be a transversal type digital filter of m taps (m is at least
3) composed of m—-1 number of unit delay elements 201 to
20(m-1), m-number of multipliers 211 to 21m, and one
adder 220. In this case, each multiplier 217 (j=1 to m, the
same applies hereinafter) multiplies a signal being input by
a coefficient Cj and outputs a result of the multiplication to
the adder 220. The coefficient Cj is set in such a manner that
the HPF 20 extracts the high frequency component including
the outline component (for example, m=3, C1=0.5, C2=-1,
and C3=0.5). Note that, generally, a low-pass filter is sub-
stantialized more easily than the high-pass filter. FIG. 4 is a
diagram illustrating an example of the high-pass filter using
the low-pass filter. As illustrated in FIG. 4, by using the
low-pass filter (hereinatter, referred to as an “LPF”) 21 and
the subtracter 22, the HPF 20 as illustrated in FIG. 1 may be
substantialized.

The limiter 30 functions as a regulator of amplitude (a
signal level) of the second signal S2 and generates a third
signal S3 by adjusting the second signal S2. In particular, the
limiter 30 carries out clip processing such that the amplitude
of'the second signal S2 becomes a predetermined upper limit
value or lower and adjusts gain of a level of the second
signal by multiplying the second signal S2 by a constant o
that satisfies O=a<1. Also, the limiter 30, for noise removal,
may carry out rounding processing to round a signal value
equal to or lower than a predetermined lower limit value of
the second signal S2 to 0. The limiter 30 outputs, as the third
signal S3, the second signal S2 subjected to the clip pro-
cessing, the gain adjustment, and the rounding processing to
the adder 40.

The adder 40 generates an output image signal S_,,, by
adding the third signal S3 as the compensation signal for
image sharpening to the input image signal S, . That is,
Sou=S;,+S3 is satisfied. By adding a third signal S3 as
illustrated in FIG. 2(C) to the input image signal as illus-
trated in FIG. 2(A), the signal subjected to the image
enhancement processing as illustrated in FIG. 2(D) is gen-
erated. The rising of the edge portion of the output image
signal S_,,, is sharper than the edge portion of the input image
signal S,,. That is, an image sharper than the image of the
input image signal S;, may be obtained. Note that the adder
40 includes, as necessary, a delay element for adjusting the
timing between the input image signal S, and the third
signal S3.

The image enhancement apparatus 1 according to the
present embodiment is capable of compensating a high
frequency range exceeding the Nyquist frequency fs/2,
which could not have been compensated by the conventional
image enhancement apparatus, and thus is effective particu-
larly in improving image quality by sharpening the image
represented by the image signal subjected to the enhance-
ment processing. The following is a further detailed descrip-
tion about how the non-linear processing unit 10, by
employing the non-linear processing, may compensate the
high frequency range exceeding the Nyquist frequency fs/2.

Now, provided that the input image signal S, is expressed
by a function f(x) of a (horizontal) position x, and also that
the o represents a fundamental angular frequency of the
input image signal S,,, the fix) may be expressed by Fourier
series such as Formula (4).
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[Formula 4]
f(x) = a_ycos(—N)wx + a_y1c08(—N + Dwx + 4
... +a_jcos(—D)wx + ag + a; coswX + acos2wx + ... +
aycosNwx + b_ysin(—Nwx + b_y1sin(—-N + Dwx + ... +
b_ysin(—1)wx + by sinwx + bysin2wx + ... + bysinNwx

Here, N is a degree of harmonics of the highest frequency
that does not exceed the Nyquist frequency fs/2 correspond-
ing to the sampling frequency fs (before subjected to the
image enlargement processing). That is, the following
inequality is satisfied:

NoQ2mr)<fs2=(N+1)w/(2m)

For example, when the non-linear processing unit 10
generates the first signal S1 by squaring the input image

signal S, ., each term in the first signal S1 is expressed by any
one of the following formulae (5a) to (5¢).
[Formula 5]
a; cos iwxxa; cos jox (5a)
a; cos iwxxb; sin jox (5b)
b; cos iwxxb; sin jox (5a)
(=1, £2, . . ., =N, j==#1, £2, . . . zN)
Using a formula for a trigonometric function, the above

formulae (5a) to (5¢) may be rewritten into formulae (6a) to
(6¢) shown below.

[Formula 6]
%(cos(l# Jwx + cos(i — jwx) (6a)
a;b; - U (6b)
T(cos(z + jlwx — sin(i — jwx)

(6c)

bib; .
—T(sm(l + jlwx —cos(i — jlwx)

From the above formula, (f(x))* includes angular fre-
quency components such as (N+1)w, (N+2)w, . . ., 2Nw and
the like, and thus includes the frequency components higher
than the Nyquist frequency fs/2. Therefore, the first signal
S1 also includes the frequency component such as a har-
monic component such as a frequency 2Nw/(2m) higher than
the Nyquist frequency fs/2.

Therefore, when the image signal subjected to the image
enlargement processing for doubling the number of pixels in
the horizontal direction is input as the input image signal S,,,
to the image enhancement apparatus 1 of the present
embodiment, the non-linear processing unit 10 generates the
first signal S1 that includes the frequency component higher
than the Nyquist frequency fs/2 before subjected to the
image enlargement processing. The HPF 20 is designed to
generate the second signal S2 by extracting the high fre-
quency component from the first signal S1, and thus the
second signal S2 inevitably includes the frequency compo-
nent higher than the Nyquist frequency fs/2 before subjected
to the image enlargement processing. The third signal S3
output by the limiter 30 also includes the frequency com-
ponent higher than the Nyquist frequency fs/2 before sub-
jected to the image enlargement process. Therefore, the
output image signal S_,, obtained by combining the input
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image signal S,,, and the third signal S3 as the compensation
signal also includes the frequency component higher than
the Nyquist frequency fs/2 before subjected to the image
enlargement processing. As a result, the frequency spectrum
of the output image signal S_,,,, as illustrated in FIG. 11(D),
for example, exceeds the original Nyquist frequency fs/2,
and frequency components near the new Nyquist frequency
Fbs/2 are generated.

In the above description the non-linear processing unit 10
generates the first signal S1 by squaring the input image
signal S,,, and thereby the image enhancement apparatus 1
compensates the high frequency range exceeding the
Nyquist frequency fs/2. However, it should be appreciated
that the processing carried out by the non-linear processing
unit 10 is not limited to the squaring the input image signal
S,,- For example, similarly to the squaring, any powering
processing that may generate a frequency component
exceeding the Nyquist frequency fs/2 is a matter clearly
derived from general trigonometric identities and the like.

Further, any gamma processing (taking the power root)
may generate a frequency component exceeding the Nyquist
frequency fs/2. The following is a description about, with
reference to FIG. 5 and FIGS. 6(A)-6(B), how the non-linear
processing unit 10, by employing the gamma processing,
may compensate the high frequency range exceeding the
Nyquist frequency fs/2.

FIG. 5 is an original image used for an evaluation of the
non-linear processing by the gamma processing, and FIGS.
6(A)-6(B) are diagrams illustrating the frequency spectra
before and after the gamma processing. FIG. 6(A) illustrates
the frequency spectrum of the original image before the
gamma processing, and FIG. 6(B) illustrates the frequency
spectrum of the original image after the gamma processing.
In FIGS. 6(A)-6(B), the non-linear processing unit 10, in
gamma processing, obtains the first signal S1 from the
square root of the input image signal S.sub.in. That is,
S1=S.sub.in.sup.1/2 is satisfied. Comparing between FIG.
6(A) and FIG. 6(B), it can be seen that, in the frequency
spectrum of gamma processing illustrated in FIG. 6(B), the
range of the frequency components is spread, generating
frequency components that are not included in the frequency
spectrum of the original image.

The following is a description of a result of application of
the image enhancement process according to the present
invention on an actual image carried out in order to verify
the effects of the present invention.

FIGS. 7(A)-7(B) are diagrams illustrating the original
image and an image obtained by carrying out the image
enhancement processing according to the present invention,
and FIG. 8 are diagrams illustrating the frequency spectrum
of each of those images. The original image in FIG. 7(A) is
obtained by carrying out enlargement processing on the
original image to double a width and a height of the original
image and does not include frequency components near the
Nyquist frequency Fbs/2=fs corresponding to the sampling
frequency Fbs=2 fs after the enlargement processing (see
FIG. 8(A)).

FIG. 7(B) illustrates an image subjected to the image
enhancement processing carried out by the non-liner pro-
cessing unit 10 once in each of the horizontal direction and
the vertical direction by using the first signal S1 obtained
from the square root of the input image signal S,,,. Compar-
ing the image in FIG. 7(B) to the image in FIG. 7(A), around
the scarf and the back of the chair, the sharpness or the
resolution is improved in the image subjected to the method
of the present invention and, by the sharpening, the image
quality of the entire image is improved. In the frequency
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spectrum in FIG. 8(B), also, it can be seen that there are
generated frequency components exceeding the Nyquist
frequency Fbs/2=fs after the enlargement processing,
whereby the image is sharpened.

FIGS. 9(A)-9(B) illustrate an image subjected to the
image enhancement processing of the present invention and
an image subjected to the image enhancement processing
employing the conventional linear processing. As described
above, the image subjected to the image enhancement pro-
cessing employing the conventional linear processing can-
not generate the frequency components near the Nyquist
frequency Fbs/2=fs. Therefore, processing a target image
with the conventional image enhancement processing may
not improve the image quality of the target image; for
example, between the original image in FIG. 7(A) and the
image subjected to the conventional image enhancement
processing in FIG. 9(A), a difference with respect to the
resolution and the sharpness is hardly observed. On the other
hand, the image subjected to the image enhancement pro-
cessing of the present invention illustrated in FIG. 7(B)
generates the frequency components exceeding the Nyquist
frequency Fbs/2=fs after the enlargement processing and, as
can be seen in the figure, is significantly sharpened as
compared with the image subjected to the conventional
image enhancement processing illustrated in FIG. 9(A).

According to the present embodiment, as described
above, the non-linear processing unit 10 generates the first
signal S1 by carrying out the non-linear processing on the
input image signal S,,, and the HPF 20 generates the second
signal S2 by removing at least the DC component of the
frequency components included in the first signal S1. The
limiter 30 adjusts the second signal S2 and thereby generates
the third signal S3, and the adder 40 adds the third signal S3
to the input image signal S,,, and thereby generates the output
image signal S, ,. Thereby, without repeating arithmetic
processing on a plurality of frames, the image may be
sharpened by using the frequency components exceeding the
Nyquist frequency. Also, the processing allows for unique
definition of the output signal with respect to the input
signal, preventing a sudden image failure due to failing of
image matching, which has been occurred in conventional
super-resolution processing techniques.

More specifically, the non-linear processing (for example,
Formula (1)) carried out by the non-linear processing unit 10
generates the high frequency components exceeding the
Nyquist frequency fs/2 such as the harmonic components of
the frequency components of the input image signal S,, and,
by using the high frequency components, the sharpening
processing is carried out on the input image signal S,,. That
is, assuming that, from the digital image signal of the
sampling frequency fs, the image enlargement processing
generates the image signal of the sampling frequency Fbs=2
fs that is used as the input image signal S,,, based on the
processing carried out by the non-linear processing unit 10,
the third signal S3 having the frequency components higher
than the Nyquist frequency fs/2 corresponding to the origi-
nal sampling frequency fs is generated as the compensation
signal and added to the input image signal S,,,. Thereby, the
frequency spectrum of the output image signal S_,,, of the
present embodiment, as illustrated in FIG. 11(D), includes
the frequency components exceeding the Nyquist frequency
fs/2 before the enlargement processing. Therefore, as com-
pared with the conventional image enhancement apparatus,
the image enhancement apparatus of the present invention is
capable of sufficiently sharpening the image subjected to the
enlargement processing. Note that, although in the above
embodiment the image enlargement processing for doubling
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the size of the image is carried out by way of example, it
should be appreciated that the effect of the present invention
is not limited thereto.

Also, the non-linear processing unit 10 may generate the
first signal S1 from the power of, or the power root of, the
input image signal S,,,. That is, the non-linear processing unit
10, by carrying out relatively simple non-linear processing,
may generate the high frequency components exceeding the
Nyquist frequency fs/2 as the first signal S1.

Also, since the image enhancement apparatus 1 according
to the present embodiment may be substantialized with a
simple configuration as illustrated in FIG. 1, application of
the image enhancement apparatus 1 to a high definition
television (HDTV) receiver or a standard definition televi-
sion (SDTV) receiver allows for an improvement in image
quality of a still image as well as a video that is displayed
in real time, without imposing a significant increase in cost.

Also, the present embodiment may compensate the high
frequency range exceeding the Nyquist frequency fs/2,
which could not have been compensated by the conventional
image enhancement apparatus, and thus is especially effec-
tive in improving the image quality by sharpening an image
represented by an image signal subjected to the enhance-
ment processing. For example, when a display of the high
definition television (HDTV) receiver displays an image by
carrying out the enlargement processing on an image signal
of the standard definition television (SDTV), the present
embodiment is very effective as being capable of sufficiently
sharpening the video displayed in real time with a simple
configuration. Also, a display with the number of pixels
approximately 4000x2000 (hereinafter, referred to as a “4 k
display”), which is greater than the number of pixels of the
HDTYV, and techniques for television broadcast conforming
to the 4 k display have been currently developed, and when
the image signal for the HDTV is up-converted to be
displayed on the 4 k display, the present embodiment is very
effective in a similar manner.

Further, as an image processing technique utilizing human
perceptual characteristics, for example, there has been
known HDR (high dynamic range) synthesis. The HDR
converts an original image (reality) with a very large con-
trast into an image with a reduced contrast. The HDR uses
the gamma correction function for tone mapping to reduce
the contrast and thereby increases the brightness of pixels in
the region with low brightness. The image enhancement
apparatus 1 according to the present embodiment carries out
the non-linear processing (gamma processing) based on the
human perceptual characteristics in a similar manner as the
HDR synthesis and, by sharpening an outline in the region
with low brightness, may sharpen the image in a more
preferred manner for human and improve the image quality.

INDUSTRIAL APPLICABILITY

The present invention is intended to be applied to the
image enhancement apparatus for improving image quality
by sharpening an image, and applicable to, for example, the
image enhancement apparatus for sharpening the video that
is displayed in real time on a television (TV) receiver.

The present invention is applicable also to image
enhancement processing of a monitoring camera and, for
example, capable of reducing blur in an enlarged portion of
an image. Also, the present invention allows for the image
enhancement processing for sharpening an outline in a
region with low brightness in an image captured by the
monitoring camera installed in a dark position, or in an
image taken at night.
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The present invention is applicable also to resolution
enhancement of an image captured from a distance. For
example, an image of an accident site difficult to access
taken from a distance and a satellite image may be processed
with the image enhancement processing for sharpening the
outline.

The present invention is applicable also to high-definition
conversion of analog contents. That is, in order to convert
existing analog contents into high-definition contents, the
image enhancement processing for sharpening the outline of
the up-converted image is carried out. Thereby, the analog
contents may be reproduced as digital contents with higher
definition. The present invention is applicable to, for
example, conversion of the analog television contents into
high-resolution contents, and conversion of contents of an
old movie into digital contents with higher definition (for
example, Blu-ray (registered trademark) contents).

The present invention is applicable also to a medical field.
For example, the present invention allows for conversion of
an enlarged image of an affected site taken by an endoscope
or the like into an image with higher definition image, or
conversion of an image of an affected site with low resolu-
tion into an image with higher definition in the remote
medical care.

Further, the present invention is applicable also to higher-
definition conversion of video contents that can be viewed
on a computer. On the internet, there are a number of
websites for distributing video contents, and numerous
video contents have already been stored. The present inven-
tion allows for conversion of the existing video contents into
contents with higher definition and higher resolution,
thereby improving viewing quality.

Although the present invention has been described based
on the figures and the embodiment, it is to be understood that
various modifications and changes may be implemented
based on the present disclosure by those who are ordinarily
skilled in the art. Accordingly, such modifications and
changes are included in a scope of the present invention. For
example, functions and the like included in each unit or each
step may be rearranged without logical inconsistency, so as
to combine a plurality of units or steps together or to divide
them.

REFERENCE SIGNS LIST

1 image enhancement apparatus
10 non-linear processing unit
20 HPF (high-pass filter)
201-20(7n-1) unit delay element
211-21m multiplier

220 adder

21 LPF (low-pass filter)

22 subtracter

30 limiter

40 adder

The invention claimed is:

1. An image enhancement apparatus for generating an
output image obtained by sharpening an input image, com-
prising:

a non-linear processing unit, implemented by a processor,
configured to generate a first signal by carrying out
non-linear processing on an input image signal repre-
senting the input image, the first signal being expressed
as a continuous non-linear function with respect to the
input image signal;

a filter configured to extract a second signal based on the
generated first signal by filtering out or removing at
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least a direct current (DC) component of frequency
components included in the generated first signal;

a limiter configured to generate a third signal by carrying
out clip processing or linear processing on the extracted
second signal; and

an adder configured to generate an output image signal
representing an output image by adding the third signal
to the input image signal.

2. The image enhancement apparatus according to claim
1, wherein the non-linear processing unit generates the first
signal based on a power of the input image signal.

3. The image enhancement apparatus according to claim
1, wherein the non-linear processing unit generates the first
signal based on a power root of the input image signal.

4. An image enhancement method employed by an image
enhancement apparatus for generating an output image
obtained by sharpening an input image, the image enhance-
ment method comprising:

generating a first signal by carrying out non-linear pro-
cessing on an input image signal representing the input
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image, the first signal being expressed as a continuous
non-linear function with respect to the input image
signal;

extracting a second signal based on the generated first

signal by filtering out or removing at least a direct
current (DC) component of frequency components
included in the generated first signal;
generating a third signal by carrying out clip processing or
linear processing on the extracted second signal; and

generating an output image signal representing an output
image by adding the third signal to the input image
signal.

5. The image enhancement method according to claim 4,
wherein the first signal generation includes generating the
first signal based on a power of the input image signal.

6. The image enhancement method according to claim 4,
wherein the first signal generation includes generating the
first signal based on a power root of the input image signal.
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